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Aims This study explored the lateral crest structures of adult cardiomyocytes (CMs) within healthy and diseased cardiac tissue.
....................................................................................................................................................................................................
Methods
and results
Using high-resolution electron and atomic force microscopy, we performed an exhaustive quantitative analysis of the
three-dimensional (3D) structure of the CM lateral surface in different cardiac compartments from various mammalian
species (mouse, rat, cow, and human) and determined the technical pitfalls that limit its observation. Although crests
were observed in nearly all CMs from all heart compartments in all species, we showed that their heights, dictated by
the subsarcolemmal mitochondria number, substantially differ between compartments from one species to another and
tightly correlate with the sarcomere length. Differences in crest heights also exist between species; for example, the sim-
ilar cardiac compartments in cows and humans exhibit higher crests than rodents. Unexpectedly, we found that lateral
surface crests establish tight junctional contacts with crests from neighbouring CMs. Consistently, super-resolution SIM
or STED-based immunofluorescence imaging of the cardiac tissue revealed intermittent claudin-5-claudin-5 interactions
in trans via their extracellular part and crossing the basement membrane. Finally, we found a loss of crest structures and
crest–crest contacts in diseased human CMs and in an experimental mouse model of left ventricle barometric overload.
....................................................................................................................................................................................................
Conclusion Overall, these results provide the first evidence for the existence of differential CM surface crests in the cardiac tissue
as well as the existence of CM–CM direct physical contacts at their lateral face through crest–crest interactions. We
propose a model in which this specific 3D organization of the CM lateral membrane ensures the myofibril/myofiber
alignment and the overall cardiac tissue cohesion. A potential role in the control of sarcomere relaxation and of dia-
stolic ventricular dysfunction is also discussed. Whether the loss of CM surface crests constitutes an initial and com-
mon event leading to the CM degeneration and the setting of heart failure will need further investigation.
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1. Introduction
The adult cardiac tissue cohesion necessary for the continuous cyclic me-
chanical strain mainly relies on a substantial three-dimensional (3D) inter-
action between contractile cardiomyocytes (CMs) and the extracellular
matrix (ECM). Interestingly, CMs undergo different morphological adapta-
tions during heart development. Throughout embryonic and early postna-
tal developmental stages, CMs exhibit a plastic phenotype with a round or
spindle-fibroblastic shape that correlates with their proliferative state and
contributing to the increase of heart mass through hyperplasia. At approxi-
mately Day 5 postnatal in rodents, CMs stop proliferating and initiate a
maturation step to acquire their typical adult rod-shape.1 Within the tissue,
this rod-shaped cell morphology is stabilized through specific and direct
CM–CM interactions via the intercalated disk (ID) localized at the bipolar
ends of the CM, while the lateral cell surface is classically believed to inter-
act with the ECM through receptors (integrin/dystroglycan) on the costa-
mere, without physical contacts between proximate CMs.2 Both surface
structures control the CM contraction with the ID underlying the physical
anchorage of the contractile myofibrils and contraction synchronization via
gap junctions and the lateral membrane, relaying ECM extracellular signals
to the myofibrils for contractile adaptation to the cardiac pressure load.
More recently, we and other groups have identified that cell–cell commu-
nication transmembrane proteins, i.e. Ephrin-B13 and Claudin-54 have an
atypical expression on the lateral sarcolemmal membrane of adult CMs and
act independently on the contractile apparatus, thus suggesting that the func-
tions of the lateral membrane are not completely understood. These find-
ings subsequently prompted us to explore the lateral membrane at a high
resolution in mice, and using atomic force microscopy (AFM), we identified
a highly organized cell surface architecture of the CMs with the presence of
periodic stiff crests related to the presence of subsarcolemmal mitochondria
(SSM), which were lost following ischaemia.5 Similar highly organized crest
structures and their disorganization in heart failure have been reported indi-
rectly by analysing the CM ionic surface profile via scanning ion conductance
microscopy.6,7 However, to date, these studies have mainly relied on the
analysis of isolated adult CMs. Whether the presence of well-defined crest
structures at the CM surface is a general feature of all heart compartments
and how they organize within the cardiac tissue remain unknown.
Herein, we explored the lateral membrane of CMs in cardiac tissue
samples from different heart compartments that originated from various
mammalian species using high-resolution scanning or cryo-scanning and
transmission electron microscopy (TEM), as well as AFM. We first identi-
fied a compartment- and species-dependent crest architecture at the
CM surface. More strikingly, we noted the presence of intermittent tight
junctions between crests from adjacent CMs in mammalians including
humans, thus establishing for the first time proof of the concept of
existence of a physical interaction between lateral membranes of adja-
cent CMs. This discovery brings to the fore the complexity of the
3D-structure of the adult CMs in the tissue and should open a new re-
search area to decipher the functional relevance of these lateral contacts
in cardiac physiology and pathophysiology.
2. Methods
2.1 Animal models and cardiac tissue
processing
Studies were performed on 2-month-old male C57BL/6JOlaHsd mice
and WistarRccHan rats (purchased from Envigo, Huntingdon, UK).
The experimental animal protocols were carried out in accordance with
the European and French regulation guidelines for animal experimenta-
tion and were approved by the local ethical committee. Mice and rats
were euthanized through an intraperitoneal injection of pentobarbital
sodium (160 mg/kg), while 50 mg/kg was used for the KCl experiments.
To stop the heart in diastole, KCl (1 M) was directly injected as a bolus
in the inferior vena cava in anaesthetized and thoracotomized mice.
After arrest, the hearts were immediately removed, and sections
(1 mm3) were fixed in 2% glutaraldehyde in cold Sorensen’s buffer for
further electron microscopy analysis.
For cardiac tissue processing on ice, immediately after removal, the
heart was plunged in cold PBS for several seconds, thus instantly stop-
ping the heartbeat. The heart was then cautiously sliced (1 mm3) on an
ice bed without torsion or pressure and fixed in 2% glutaraldehyde in
Sorensen’s buffer at 4C for further electron microscopy analysis.
For transcardial fixative perfusion, immediately after removal from the
chest, the heart was plunged in cold PBS for several seconds thus in-
stantly stopping the heartbeat. The aorta was then first retroperfused
with cold phosphate buffer saline with a peristaltic pump (0.3 mL/min)
for 3 min followed by 3 min of retroperfusion with cold 2% paraformal-
dehyde/0.1% glutaraldehyde. The heart sections (1 mm3) were subse-
quently fixed in 2% glutaraldehyde in cold Sorensen’s buffer for further
electron microscopy analysis.
For the cow study, two 8-year-old Blonde d’Aquitaines (weight
770 kg) were analysed in collaboration with the Veterinary National
School of Toulouse (ENVT). They were euthanized with a barbiturate
injection due to a bilateral pyelonephritis and a chronic abscess on the
paws. Immediately after bleeding, the heart was removed and sections
(1 mm3) were fixed in 2% glutaraldehyde in Sorensen’s buffer at 4C
for further electron microscopy analysis.
2.2 Transaortic constriction (TAC) and
echocardiographic assessment
Two-month-old male C57Bl/6JCrl mice were used for these experiments.
The mice were housed with a 12:12 light-dark cycle and fed ad libitum with
standard chow and water. Thoracic aortic constriction (TAC) was per-
formed on mice anaesthetized with 1% isoflurane. After endotracheal intu-
bation, the mice were connected to a rodent ventilator. The transverse
aorta was isolated and TAC was performed by tying a nylon suture ligature
against a 26-gauge needle, the latter being promptly removed to induce
pressure overload cardiac hypertrophy. After aortic constriction, the chest
was closed and the pneumothorax was evacuated. After extubation, the
mice were allowed to recover from the anaesthesia. Sham operated ani-
mals (controls) underwent the same operation except for the perfor-
mance of aortic constriction. Fifteen days after surgery, animals underwent
non-invasive transthoracic echocardiography using a VevoVR 2100 device
(VisualSonics) under 1% isoflurane anaesthesia. Cardiac wall thickness and
ejection fraction were measured at least three times for each animal in M-
mode images and in long-axis B-mode, respectively. All measurements
were obtained by an investigator blinded to the genotype of the animals.
2.3 Human tissue samples
Human cardiac appendages from the tissue collection of the Toulouse
University Hospital (registered according to French regulations for clini-
cal research-DC 2009-989) were analysed after patients consented to
their use. All patients were Caucasian and had undergone extracorpo-
real circulation for cardiac surgery performed at Toulouse University
hospital (Table 1). Within 1 h of the removal, the appendages were iso-
lated and 1 mm3 pieces were directly fixed in 2% glutaraldehyde in
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..Sorensen’s buffer at 4C prior to inclusion and further electron micros-
copy analysis.
2.4 Cardiomyocyte purification from
adult rats
For the AFM study, CMs were isolated from adult rats using the
Langendorff perfusion method as previously described.5 Beating hearts
were quickly removed from the chest after intra-peritoneal injection of
pentobarbital (160 mg/kg) and Langendorff perfused with Krebs solution
(in mM: NaCl 113, kCl 4.7, KH2PO4 0.6, NaHPO4 0.6, MgSO4 1.2,
NaHCO3 12, KHCO3 10, HEPES 10, taurin 30, 2,3-butanedione mon-
oxime (BDM) 10, glucose 5.5, pH 7.4) containing 0.5 mM CaCl2 at 37C
for 6 min. Perfusion was then switched to a decalcifying solution (Krebs
solution containing 0.1 mM EGTA) at 37C for 2 min. Finally, the perfu-
sion was switched to an enzymatic solution (Krebs solution containing
2.2 mg/mL Type II collagenase-Worthington Biochemical corporation)
and 12.5lM CaCl2 at 37C for 20 min. Following digestion, the left and
right free wall ventricles were separated and dissected into 1 mm3
pieces. The myocytes were mechanically dissociated using Pasteur pi-
pette in resuspension solution (Krebs solution containing 10% bovine
calf serum and 12.5lM CaCl2). The myocyte suspension was then fil-
tered through a 200lm mesh and harvested after sedimentation. The
isolated myocytes were plated for 10 min on specific laminin (mouse
laminin, Life technology)-coated culture dishes (40 11 mm, TPP-Tissue
Culture treated dishes) in the resuspension solution at 37C (5% CO2).
CMs were then fixed in 2% glutaraldehyde in Sorensen’s buffer for
10 min at room temperature, washed three times with PBS and immedi-
ately used for the AFM experiments in PBS.
2.5 Transmission and scanning electron
microscopy (TEM-SEM)
Heart samples were fixed by immersion in 2% glutaraldehyde in
Sorensen’s buffer at 4C and processed for TEM or scanning electron
microscopy (SEM) as previously described.5
All crest height and sarcomere length measurements were performed
on TEM micrographs. The crest heights were measured from the top of
the crest to the first myofibril top layer using FiJi software and the SSM
number was quantified for each crest. The sarcomere lengths were mea-
sured similarly on the first myofibril layer below the CM surface crests.
2.6 Cryo-scanning electron microscopy
After fixation, as indicated for the SEM procedure, the samples were incu-
bated for 12 h in cryo-protectant glycerol and rapidly frozen in nitrogen
slush at -220C. The frozen samples were transferred under vacuum to
the cryo-chamber apparatus (Quorum PP3000T) at -140C and fractured
with a cold knife integrated in the cryo-chamber. The temperature was in-
creased to -95C and maintained for 10 min of sublimation and the speci-
men was then coated with platinum by sputtering (60 s, 10 mA) and
moved in the high vacuum mode into the SEM observation chamber of a
FEI Quanta 250 FEG scanning electron microscope (5 kV). The specimen
was maintained at a temperature less than -140C at all procedure steps.
2.7 Dual beam (SEMþFIB) 3D
reconstitution microscopy
The 3D-characterization of the CM lateral membrane was carried out
using Focused Ion Beam (FIB) tomography. This method was developed
using the dual beam system Helios NanoLab 600i (FEI company). The in-
strument incorporates both a FIB and a field emission scanning electron
microscope (FEG-SEM).
The myocardial heart sample was processed similarly as the SEM until
resin embedding and then introduced into the FIB-SEM chamber. The
sample was covered with a conductive layer of platinum to avoid surface
charging and protect it from the ion beam (30 kV, 2.5 nA). Dual-beam
scanning was conducted on 300 sequential sample slices (50 nm thick)
with SEM image acquisition for each slice (5 kV voltage, 0.69 nA current,
TLD detector). Three-dimensional reconstitution of the heart myocar-
dium sample was conducted using AVIZO software (FEI).
2.8 Atomic force microscopy
Surface images of fixed isolated rat CMs were recorded in PBS buffer in
Quantitative ImagingTM mode8 with MLCT AUWH (Bruker) cantilevers
(nominal spring constant of 0.01N/m) and using an AFM Nanowizard III (JPK
Instruments, Berlin, Germany). The applied force was maintained at 3 nN
and the Z length to 5mm. Therefore, the loading rate was 2 500 000 pN/s
(acquisition frequency of the force curves is 25Hz). The cantilever spring
constants were determined by the thermal noise method. For all results pre-
sented in this study, the silicon nitride AFM tips were bare. AFM topographi-
cal images were analysed using the JPK data processing software. The crest
heights were measured based on a manual cross-section delimitation per-
pendicular to the CM myofilaments and considering the base line as the posi-
tion of the plasma membrane in the absence of crests. Membrane holes, due
to fixative artefacts, were not considered for height measurements.
2.9 Immunofluorescence imaging
All imaging data was obtained using frozen cardiac tissue sections fixed in
acetone, except for collagen III-SIM imaging (paraffin-embedded heart sec-
tions). Heart sections were immunostained using standard protocols with
......................................................................................................................................................................................................................
Table 1 Clinical data for human heart samples
Patient Gender Age (years) Cause of surgery Collected tissue LVEF (%) Others
1 Female 80 Coronary bypass RAp Normal –
2 Male 70 Mitral and tricuspid valves flail LAp Normal Dilated RVPAH
3 Male 68 Aortic valve stenosis RAp Normal Dilated atria
4 Female 60 Mitral valve stenosis LAp 40% Dilated LA
5 Male 69 Mitral valves flail LAp Normal Dilated LA and LV
6 Male 59 Cardiac transplantation for arrhythmogenic
right ventricular dysplasia
LV Normal Dilated RV
LA, left atrium; LAp, left appendage; LV, left ventricle; LVEF, left ventricle ejection fraction; PAH, pulmonary arterial hypertension; RA, right atrium; RAp, right appendage; RV,
right ventricle.
1080 C. Guilbeau-Frugier et al.
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the following primary antibodies incubated overnight at 4C: anti-laminin
2a (Abcam, ab11576), anti-claudin-5 (Acris, DP157), anti-collagen III
(Acris, BP8014), anti-a-actinin (Abcam ab68167), anti-cardiac Troponin T
(Life Technologies, MA5-12960). Heart sections were rinsed three times
with PBS and labelled with secondary antibodies (Oregon Green 488 goat
anti-rabbit IgG, Life Technologies O11038; AlexaFluor 594 goat anti-rat
IgG, Life Technologies A11007; STAR RED goat anti-rabbit, Sigma 41699)
and Texas-Red (Life Technologies, W21405)- or Oregon Green 488 (Life
Technologies, W6748) conjugated Wheat-Germ-Agglutinin for 1 h at
room temperature. Coverslips were finally mounted on microscopy slides
using Mowiol.
Confocal imaging was carried out using a Zeiss LSM 780 confocal mi-
croscope and Zen 2011 software (Carl Zeiss).
Super-resolution structured illumination microscopy (SR-SIM) was
carried out on aELYRA PS.1 (Carl Zeiss), lasers 488, 561, and/or 642 nm
with a Plan Apochromat 63/NA 1.46 oil objective and a grid size of 32
or 42lm equipped with a sCMOS PCO Edge camera. Image stacks of
several micrometer thicknesses were taken with 0.110lm z-steps, five
phases and three rotations per z-section. Reconstruction of images was
performed using Zeiss Zen 2.1 software and a Noise Filter.
Super-resolution stimulated emission depletion (SR-STED) micros-
copy images were acquired using a Leica SP8 STED 3 microscope
(Leica Microsystems, Germany) and a 100 NA: 1.4 oil immersion ob-
jective. To optimize the resolution without bleaching in 3D, the 775 nm
STED laser line was applied at the lowest power that can provide suffi-
cient improvement in resolution compared with confocal. Z-stack series
were acquired sequentially with the pulsed 532 nm laser line and the
pulsed 635 nm laser line. With such settings, lateral and axial resolutions
of 130 nm could be reach for both acquisition channels. For image acqui-
sition, we used the following parameters: 43 nm pixel size, two time av-
erage par line, 400 Hz scan speed. STED images were subsequently
deconvolved with Huygens Professional (SVI, USA) using the CMLE algo-
rithm, with a signal to noise ratio (SNR) of 7. Three-dimensional visuali-
zation and reconstruction using Imaris software (Bitplane, Switzerland).
2.10 Quantification of CM area
For in situ quantification of the CM surface area, deparaffinized heart
slides were stained with Texas Red-conjugated-WGA (Life technologies,
W21405) and both CM area and density were measured in heart cross-
sections by manually tracing the cell contour on images of whole hearts
acquired on a digital slide scanner NanoZoomer (Hamamastu) using
NDP.view2 viewing software. The experimenter was blinded to the
mouse group.
2.11 Statistics
All bar graphs represent means ± s.e.m. Statistical analyses were per-
formed using Prism v5 software. Statistical significance was calculated us-
ing Student’s t-test (Figures 2B, C, H, 3B, E, 5B), two-way ANOVA
(Figure 2D), Spearman correlation test (Figure 2E, G), or Fisher’s exact
test (Figure 5C). *P< 0.05, **P< 0.01, ***P< 0.001.
3. Results
3.1 Intricate 3D-CM surface crest
architecture in cardiac tissues of different
mammalian species and technical pitfalls
In general, the cardiac tissue structure is inferred from a histological
analysis commonly performed on formol-fixed hearts and paraffin
embedded sections, thus preventing appreciation of the CM 3D-
structure and organization. Here, we first processed samples from
the left ventricles (LV) of adult male mouse hearts (2 months old) us-
ing SEM to visualize at a high resolution, the 3D-morphology of the
CM surface within the tissue. In the left ventricular myocardium, we
found that the circumference of the CM lateral surface is covered by
highly organized periodic rows of bulged structures in contact with
the ECM (Figure 1A, upper panels). These elongated structures are ori-
entated perpendicularly with regard to the longitudinal intracellular
myofibrils. In a second set of experiments, samples were processed
for cryo-SEM to enable visualization of the CM intracellular compo-
nents through cell transversal sectioning. In this context, the CM sur-
face noticeably appears as a periodic alternation of crests filled with
SSM tightly attached to the endoplasmic reticulum, as previously de-
scribed using TEM5 (Figure 1A, lower panels). Similar structures were
identified in the cow-LV myocardium (Figure 1B, upper left panel and
Supplementary material online, Figure S1) as well as in the rat-LV and
human-LV (Supplementary material online, Figure S1). Consistent
with these observations of surface bulged rows, sequential 3D-recon-
stitutions of the SEM images by dual-beam microscopy in the mouse
indicated that SSM adopt an elongated morphology beneath the sar-
colemma (Figure 1C). Noticeably, the periodicity of the crest rows
relies on their lateral anchorage to the Z-lines that delimit each sar-
comere from the outer myofibril layer (Figure 1B, upper middle panel
and Supplementary material online, Figure S1, Cow-LV), more visible
in TEM (Figure 1D), which we previously described as CM surface
‘hollows’.5
It is important to note that the visualization of CM surface crest struc-
tures and intracellular SSM analysis using TEM are extremely dependent
on the handling procedure of the cardiac tissue. First, the animal euthana-
sia method is fundamental. Specifically, cervical dislocation, as recently
described for SSM observation,9 leads to a complete SSM loss (not
shown), most likely as a consequence of cardiac fibrillation, thus preclud-
ing its use. Euthanasia using potassium chloride intra-cardiac injection,
classically recommended to observe the sarcomere ultrastructure, also
destroys the crest architecture (Supplementary material online, Figure
S2A), most likely due to its substantial impact on sarcomere relaxation,
in some cases associated with cardiac spasms. Another critical step is the
delay between tissue handling after cardiac arrest and fixation for elec-
tron microscopy that must be as short as possible since, in contrast with
interfibrillar mitochondria (IFM), SSM are highly prone to shrinking dur-
ing tissue removal. Intra-aortic paraformaldehyde/glutaraldehyde fixative
perfusion, considered to efficiently preserve soft tissues, tends to in-
crease the lateral interspace between two CMs because of vasculature
dilatation, even at the lowest perfusion flow rate, and conversely
decreases crest height (‘flattened-like’ crests) due to substantial reduc-
tions in the SSM volume (Supplementary material online, Figure S2B).
However, this latter technique is ideal for visualizing the SSM ultrastruc-
ture. Finally, in accordance with the well-known sensitivity of the heart
to both protease activity and temperature, the optimal procedure for
crest-SSM observation in TEM relies on the use of an ice-cold buffer im-
mediately after tissue removal and on tissue dissection on ice, even if sar-
comeric details, such as the I-band of the Z-lines cannot be
systematically visualized due to arbitrary heart arrest in a contractile or
relaxed state (Supplementary material online, Figure S2C). These techni-
cal pitfalls indicate that crest-SSM observation within the tissue requires
specific handling of cardiac biopsies, which most likely account for the
chaotic organization of the CM surface and SSM often described in the
literature, as well as the discrepancies in observations between studies.
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Figure 1 Lateral surface of adult cardiomyocytes (CM) exhibits crest architecture in left ventricular myocardial tissue. (A and B) Scanning electron mi-
croscopy (SEM) (A) or SEM after cryo-fracture (cryo-SEM) (B) micrographs of mouse- (A) or cow- (B) left ventricular cardiac tissue show covering of CM
surface by rows of elongated structures filled with SSM. (C) Dual beam-SEM and 3D-reconstruction images of CM lateral surface (over 15mm thick) from
mouse-LV cardiac tissue show elongated SSM morphologies. (D) TEM of mouse-LV shows SSM in cell surface crests anchored to lateral Z-lines of
sarcomeres.
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Figure 2 CM lateral surface crest relief in LV differs among adult mammalian species. (A) TEM micrographs showing representative CM surface crest relief
and associated SSM from mouse-, rat-, cow-, or human-LV (Patient 6). LD, lipid droplet. (B–C) Quantification of crest heights (B) and SSM number/crest (C)
from TEM micrographs (n= 7 mice, 3–7 CMs/mouse, 135 crests or n= 5 rats, 3–10 CMs/rat, 230 crests). The statistical significance between mouse and rat
LV was assessed using unpaired Student’s t-test (*P < 0.05). (D) Quantification of crest subpopulations according to their SSM number content (n= 7 mice
and 5 rats) (left panel). The statistical significance between mouse and rat LV was assessed using two-way ANOVA followed by a Bonferroni post-test (*P <
0.05; ***P < 0.001). (Right panel) Pie chart representation of CM surface crest subpopulations. (E) Linear correlation between crest height and SSM
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..3.2 CM surface crest architecture in
cardiac tissue is species-dependent
We subsequently investigated whether the CM surface crest architec-
ture in the LV was similar in different mammalian adult species. TEM was
thus conducted on different biopsies from LVs obtained from adult mice,
rats, cows, and humans (Figure 2A). In the two latter cases, the manage-
ment was less flexible than in rodents since the biopsies could not be
handled in optimized conditions for crests-SSM observation. However,
despite these technical pitfalls, clear differences between species were
identified and quantified. When initially considering cardiac LV samples
from mice, we quantified the crest height and SSM number/crest. The
TEM measurements indicated average crest heights of approximately
1mm (0.87mm ± 0.07; Figure 2B) with a majority of the crest populations
with 1–2 SSM per crest (Figure 2C and D) and the crest height correlated
with the SSM number (Figure 2E). In contrast, the crests from rat left ven-
tricular biopsies can reach heights up to 1.5mm (1.31mm ± 0.13;
Figure 2B) and exhibited a higher average number of SSM per crest
(Figure 2C) with a majority of the crest population with 2–3 SSM
(Figure 2D and Supplementary material online, Figure S3). Even if in the
minority, we also identified some crests with 4–6 SSM in the rats that
were never observed in the mice. Interestingly, despite statistical quanti-
fication due to low sample numbers, cow and human left ventricular
biopsies demonstrated higher crest heights within the tissue than in mice
or rats and proportionally less crest populations with 1 SSM to the ad-
vantage of populations with 2, 3 and a higher SSM number (Figure 2F).
Thus, in the LV, the CM surface crest heights and associated SSM num-
ber depend on the mammal species.
The insertion of CM surface crests on either Z-line side of the sarco-
mere highly suggested that the crests could have a role on the sarcomere
contractile state. Supporting this hypothesis, and based on the MET
images quantification in mice and rats, we found a significant correlation
between the crest height and the sarcomere length (Figure 2G). Given
that the cardiac biopsies are indifferently removed in the diastolic or sys-
tolic phase of the cardiac cycle for the MET observations, the crest
heights should thus be better quantified, relative to the sarcomere
length, to compensate for this contingency. As shown in Figure 2H, the
correction of the crest height measurements confirmed the difference
that we previously described between the mouse and rat LV (Figure 2B).
3.3 CM surface crest architecture is cardiac
compartment-dependent
In cell biology, the cell structure is generally dedicated to its function.
Given that each heart compartment harbours different and specific func-
tions, we questioned the potential difference in the CM surface crest ar-
chitecture in between compartments. Cryo-SEM and TEM were
conducted on biopsies from the right ventricle (RV) and right atrium
(RA) or the appendage (Ap) from mouse, rat, cow, and human hearts,
while accurate quantifications were performed in rats. Noticeably, the
3D-CM surface relief architecture was less pronounced in the RV than in
the LV as illustrated in the mice and cows in TEM-SEM micrographs
(Figures 3A, 2A, 1A and B and Supplementary material online, Figure S4). In
agreement, within the tissue, the CM crest heights were significantly
lower in the rat’s RV than in the LV (Figure 3B) and correlated with the
presence of low number of SSM/crest (Figure 3C). In particular, we mea-
sured a significant increase in the crest populations with 1 SSM/crest
(RV: 68%; LV: 46%) and we also identified an important percentage
of SSM-free-crests (0 SSM; RV: 15%; LV: 4.5%). In contrast, the crest pop-
ulations with 2 SSM were significantly reduced (RV:14%; LV:32.5%),
while the crest populations above 4 SSM could not be detected com-
pared with the LV. Similar lower crest heights were identified in the RV
from cows (Supplementary material online, Figure S4A).
To confirm this in situ observation, we quantified surface crest heights
using AFM on CMs isolated from the rat RV or LV. Due to the natural
de-differentiation of purified adult living CMs in culture and the relatively
rapid loss of crest structures in living CMs during the AFM acquisition
time we previously described,5 we analysed CMs fixed immediately after
purification. Different fixators have been tested, however, only a short
fixation in 2% glutaraldehyde was consistent with the overall surface crest
preservation. In particular, we identified surface bulged rows as visualized
in cryo-SEM tissue sections in the CMs from both the LV and RV
(Figure 3D). The AFM-based quantifications of the crest height in the CMs
isolated from the RV or LV were also highly consistent with the MET
quantifications in tissue with significantly higher crests in the LV than in
the RV (Figure 3E). However, the raw values highly differed between
MET- (tissue) and AFM- (isolated CMs) quantifications. This discrepancy
most likely relies on the stabilization of CM crests within the 3D-tissue,
while isolated CMs rapidly derived and lost this structure (‘SSM shrink-
ing’) in culture. This observation reinforces the notion that isolated adult
CMs harbour different features than those within the tissue.
With respect to the different cardiac compartments, the CMs from
mouse RA exhibited a flat and smooth sarcolemmal surface
(Supplementary material online, Figure S4B, upper panels). Accordingly, at
the subcellular level, although the surface crests could be perceived in
TEM by their lateral anchorage to the Z-lines, they were free of 3D relief
due to the lack of SSM. In contrast, the cow-RA constantly exhibited a 3D
relief at the CM surface with 1–2 SSM/crest, thus resembling the RV
(Supplementary material online, Figure S4B, lower panels). Finally, biopsies
from human right appendages (RAps) displayed considerably higher crest
reliefs with 6–7 SSM/crest (Supplementary material online, Figure S4C).
Overall, these results unveiled the existence of a compartment-
dependence of the CM surface crest relief.
3.4 CMs establish lateral communications
with neighbour CMs through crest–crest
direct physical interactions
Another intriguing question was the organization of the lateral surface
crest architecture between neighbour CMs. Unexpectedly, lateral crest
interlocking was identified in the mouse (Figure 4A) and cow-LV biopsies
(Supplementary material online, Figure S5). When screening numerous
TEM micrographs in the LV from mice, cows, and humans and in contrast
Figure 2 Continued
number/crest in mouse LV was assessed using Spearman test. (F) Qualitative comparison of crest subpopulations according to their SSM number
content in mouse, rat, cow, and human LV (n= 7 mice, 3–7 CMs/mouse, n= 5 rats, 3–10 CMs/rat, n= 2 cows, 14-16 CMs/cow, and n= 1 human, 16
CMs). (G) Linear correlation between crest height and sarcomere length in mouse or rat LV was assessed using Spearman test. (H) Crest heights
measured in (B) were quantified in mouse and rat LV relative to the sarcomere length. The statistical significance between mouse and rat LV was
assessed using unpaired Student’s t-test (*P < 0.05).
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.to the assumption, we identified electron dense structures, typical of
tight junction between two adjacent lateral sarcolemma, thus indicating
direct physical interactions between lateral nearby CMs (Figure 4B and
Supplementary material online, Figure S6). Distinct crest structures could
not be visualized in these pictures due to the general poor quality of the
human biopsies due to deterioration (delayed fixation and no ice use).
Compared with the ID, the tight junctions at the CM lateral side are scat-
tered and intermittent. Indeed, when first depicted on a 70 nm-thick
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Figure 3 CM lateral surface crest relief differs in heart compartments. (A) Cryo-SEM or TEM micrographs showing CM surface crest relief of mouse
(upper panels) or rat RV myocardium (lower panels). Red arrows indicate CM surface crests. (B) Quantification of crest heights on TEM micrographs (n= 5
rats, VG/3-10 CMs/rat/237 total crests; VD/5-15 CMs/rat/239 total crests). The statistical significance between rat LV and RV was assessed using unpaired
Student’s t-test (**P < 0.01). (C) Quantification of crest subpopulations in rat LV and RV according to their SSM number content (n= 5 rats) (left panel).
The statistical significance between rat LV and RV was assessed using two-way ANOVA followed by a Bonferroni post-test (*P < 0.05; ***P < 0.001).
(Right panel) Pie chart representation of CM surface crest subpopulations between rat LV and RV. (D) Representative image of a 3D AFM-based topogra-
phy height map of CM surface from rat LV or RV. (E) Quantification of crest heights on AFM-height maps (n= 3 rats, 2–4 CMs/rat). The statistical signifi-
cance between rat LV and RV was assessed using unpaired Student’s t-test (**P < 0.01).
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MET micrograph, the next tight junction could be found only 40 serial
micrographs (2.8mm) further.
Tight junction structures, indicative of a direct physical communica-
tion in between cells, are generally only accepted from the ID standpoint
in the CM. However, the existence of lateral CM interactions through
tight junctions reconciles the presence of specific tight junctional pro-
teins like Claudin-5 or zonula occludens-1 (ZO-1) that we and others
have previously described at the CM lateral membrane.3,4,10,11 It also
corroborates the presence of Ephrin-B1, a cell–cell communication pro-
tein from the Eph-Ephrin system, that we previously reported as a direct
partner of Claudin-5 at the CM lateral face.3 To ascertain the direct lat-
eral physical interactions between CMs and to get a better overview of
these lateral tight junctions on a larger 3D cardiac tissue image, we con-
ducted super-resolution microscopy on mouse heart cryo-sections using
SIM (Structured Illumination Microscopy) or STED (Stimulated Emission
Depletion Microscopy) microscopy, allowing 100 and 70 nm xy resolu-
tion respectively when compared with the classical 250 nm resolution in
confocal microscopy. Both Claudin-5 and Laminin-2, a specific basement
component of the CM lateral membrane, have been examined in immu-
nofluorescence microscopy. When first visualized through classical con-
focal microscopy (Supplementary material online, Figure S7A), some
wavy lateral structures (yellow arrows) could be observed at the surface
of CMs in the mouse myocardium, in agreement with the presence of
the crests. Compared with Laminin-2, the Claudin-5 staining was punctu-
ated, with some Claudin-5-Claudin-5 interactions in trans that could be
perceived in tissue zones with interlateral space enlargement (Claudin-5
zoom).
When considering higher resolution using SIM microscopy (Figure 4C),
the CM surface crests could be better appreciated and Claudin-5-
Claudin-5 interactions could be clearly depicted in between two adja-
cent CMs. These interactions were irregular along the CM surface in a
2D image, thus reminiscing a zip. We also confirmed the presence of a
continuous basement membrane layer as reflected by the Laminin-2
staining at the CM surface by opposition to the intermittent Claudin-5
expression. STED imaging further confirmed these 2D observations
(Figure 4D) but allowed us to go deeper in the z resolution imaging of the
3D lateral space between two CMs. The reconstituted 3D images of a
2mm thick tissue (Supplementary material online, Video and Figure 4E)
highlighted direct interactions between two Claudin-5 in trans via their
extracellular part in the inter-lateral membrane space between two adja-
cent CMs. The bottom view of the CM surfaces also indicated the inter-
ruption of the Laminin-2 staining at Claudin-5 contacts throughout the
surface (Supplementary material online, Figure S7B). These intermittent
Claudin–Claudin interactions thus create an intricate lateral meshwork
at the sarcolemmal surface of the CMs.
3.5 CMs exhibit loss of surface crest
architecture and lateral crest–crest
interactions in cardiac diseases
We next questioned the organization of lateral crests at the CM surface
in the cardiac pathophysiology.
Using TEM, we examined the CM surface crests in Ap collected from
patients (Methods). As shown in Figure 5A (upper panels), the RAp from
Patient 3, which demonstrated a dilated atrium but a preserved ejection
fraction, partially preserved the CM surface crest relief with the pres-
ence of SSM (left panel), although some of the crests were SSM-free
(presence of autophagosome) (right panel). In contrast, Patient 5 with
both left atrium (LA) and left ventricular dilation (Figure 5A, left lower
panels) or Patient 4 with LA dilatation and heart failure (Figure 5A, lower
panels) mostly lost their CM surface crests (flat surface) with only resid-
ual atrophic (SSM shrinking) or giant SSM (SSM fusion). Thus, the loss of
CM surface crests could be a general feature in cardiac pathophysiology
which could entail a subsequent loss of the lateral CM contacts and a lat-
eral space enlargement. However, given the poor biopsy sampling, the
advanced disease state but also the associated medication of these
patients, it was impossible to conclude on the impact of a particular pa-
rameter on the crest disruption in such multifactorial context.
To better evaluate a potential link between the pathological cardiac
state and its impact on crest contacts, we conducted an experimental
model of pressure overload-induced hypertrophy in mice (Transverse
Aortic Constriction, TAC-model) (Figure 5B). Fifteen days after TAC,
the mice developed a significant hypertrophy as shown by echocardiog-
raphy (Figure 5C) and CM area quantification (Figure 5D) with no major
contractile dysfunction (Figure 5C). The SIM microscopy of heart biopsies
revealed some interstitial fibrosis as indicated by collagen III immunos-
taining in between adjacent CMs in the left ventricular myocardium
(Supplementary material online, Figure S8). Correlatively, we found that
in TAC mice, all the CMs partially or totally lose their surface crests
compared with sham mice as indicated by the MET quantifications
(Figure 5E). It is thus tempting to conclude on a role of hypertrophy on
the disruption of lateral crest–crest contacts. However, it is difficult to
ascertain this conclusion since TAC generally leads to concomitant hy-
pertrophy and fibrosis development. Given that the surface crests an-
chored to Z-lines and that the crest–crest contacts ensure tight lateral
CM–CM connections, the loss of the CM surface crests could affect the
overall cardiac tissue cohesion but also the myofibril and myofiber lateral
alignment (Supplementary material online, Figure S9). Consistent with
this hypothesis, the cardiac tissue from TAC mice demonstrated a sub-
stantial Z-lines misalignment as indicated by the a-actinin staining as well
as a myofibril and myofiber disorganization reflected by the Troponin-T
imaging (Supplementary material online, Figure S10).
4. Discussion
We have characterized, at a high resolution, the 3D-CM surface organi-
zation within cardiac tissue. The salient findings are: (i) the compartment-
and species-dependent coverage of the CM lateral surface by periodic
bulged rows filled with SSM, (ii) the physical interaction of the bulged
rows with those of adjacent CMs through Claudin-5-dependent tight
junction strands. These results reconcile the identification of atypical
proteins from cell–cell communication at the CM lateral membrane, that
we and others previously reported.3,4,10,11
4.1 Lateral crest structure-function:
cardiac tissue cohesion hypothesis
The existence of spatially distinct subpopulations of mitochondria in the
CM is accepted.12 Despite several attempts to determine the specific
role of SSM,12 given their extreme sensitivity to cardiac tissue handling
procedures as reported here or the CM isolation previously described5
and the lack of a stringent marker to distinguish SSM from IFM, the ques-
tion remains open. The existence of SSM beneath the CM lateral plasma
membrane is established but was never quantified, and the incidence of
such peculiar cell surface architecture at the cellular and tissue 3D-scale
has not been previously explored. In contrast to the initial assumption of
spherical mitochondria,12 3D-reconstitution beam images indicated that
SSM exhibit a similar elongated morphology to IFM. However, they are
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Figure 4 Neighbour CMs establish lateral physical contacts through tight junction-dependant crest–crest interactions. (A) Cryo-SEM or TEM micrographs
of mouse left ventricular myocardium showing close interactions between lateral surface crests of two adjacent CMs. (B) TEM micrographs of human RAp
(Patient 1) showing longitudinal electron-dense tight junctions between lateral membranes of two adjacent CMs (red arrows). (C and D) High-resolution SIM
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orientated perpendicularly to the IFM rows and lie on the outer myofibril
layer. The SSM end-to-end arrangement shapes the overall lateral sur-
face of the CM into periodic bulged rows. This particular 3D-organiza-
tion of the CM surface has not been depicted in living CMs in AFM.5 In
contrast, periodic crest/hollow structures were observed rather than
rows. This most likely arises from a technical issue because SSM are
highly prone to shrinking once the CM separated from the cardiac tissue.
Thus, in isolated CMs, elongated SSM tend to shrink and adopt a more
round morphology, thus leading to periodic ball structures at the CM
surface as previously indicated by AFM.5
More strikingly, the discovery of lateral physical connections between
adjacent CMs through surface crest–crest interaction changes our view
on the spatial architecture of the cardiac tissue because to date, CM–CM
direct interactions have been restricted to the ID. Thus, while the ID
most likely supports the longitudinal stretch of intracellular myofibrils,
the lateral stretch provided by crest–crest interactions could ensure
their stacking during contraction. Indeed, the CM surface crests are di-
rectly anchored to the Z-lines of the outer myofibril layer and the lateral
crest–crest contacts could thus stretch and allow the alignment of the Z-
lines from the overall myofibrils (Supplementary material online, Figure
S9A). From a tissue standpoint, lateral CM interactions could ensure the
alignment between myofibers (Supplementary material online, Figure
S9B), thus providing and strengthening the overall tissue cohesion which
is necessary to adapt to the physical constraints during cyclic heart beats.
In agreement with this hypothesis, the loss of CM surface crests was ob-
served in the barometric stress-mouse model. Interestingly, this could in-
fluence the compliance of the cardiac compartments during the cardiac
cycle by generating a 3D meshing more or less closely dependent on the
crest height. It could thus underlie the well-known higher compliance of
the RV with lower crest relief than the LV with higher crests.13
4.2 Lateral crest structure-function:
sarcomere relaxation control hypothesis
An intriguing finding is the dependence of the relief of CM surface crest
on the cardiac compartment among the different mammalian species
and on the species for a compartment. CM crest relief could correlate
with the compartment pressure with, for example, higher crest relief in
the LV than in the RV. However, the observation of crests in compart-
ments with almost no pressure, such as cow atria and human appendage,
does not fit with this hypothesis. From the species perspective, higher
crest reliefs were identified in higher mammalians (mouse < rat < cow <
human) and were inversely correlated with the heart rate. In agreement,
the decrease in the heart rate during postnatal cardiac maturation14
tightly correlates with SSM and cell surface crest maturation.5
At the sarcomere level, the longitudinal movements of myofibrils con-
trol both heart contraction (systole) and relaxation (diastole). In this study,
we found a significant correlation between the crest height and the sarco-
mere length, consistent with the crest anchorage to the Z-lines and most
likely arguing for a role of the crests in the control of the contractile state
of the sarcomere. To date, the lateral function of the sarcomere was only
attributed to the cell surface costamere connecting the extracellular baro-
metric stress to the intracellular and compensatory myofibril contraction.2
Intuitively, when considering the crest–crest lateral interactions and me-
chanical forces involved, they should not interfere with sarcomere contrac-
tion (Figure 6). In contrast, lateral forces generated by the crest–crest
interface may restrain the sarcomere relaxation length during diastole to
preserve crest–crest interactions. A mechanosensing mechanism could
control this phenomenon because the CM is highly recognized as a mecha-
nosensor machinery.15 Thus, the crest height could dictate the sarcomere
relaxation state with higher crests enabling a maximal relaxation length and
time (Figure 6). In such hypothetical model, crests could thus impact the
isovolumic relaxation time (IVRT), the dynamic phase of the diastole. In
agreement, the LV-IVRT is longer in higher mammalian species (horse:
90 ± 1716 ms, human:74 ± 7 ms,17 pig: 80 ± 15 ms18) than in smaller ani-
mals (cat: 48.0 ± 6.8 ms,19 rat: 25.5 ± 6.26 ms20; mouse: 14 ± 0.6 ms20) and
we showed that CMs from human-Ap or cow-LV myocardium harbour
higher surface crest relief than those of rats or mice. The IVRT theory is
also consistent with the compartment-dependence of the crest relief.
Indeed, even if the existence of a dynamic phase of atrial diastole, despite
recent suggestions,21 is not clearly established, we found that the mouse
crests in atrium < RV < LV. This also suggests that the human atrial IVRT
should be substantially lower or nonexistent than the RV (53.7 ± 9.16
ms22) or LV (IVRT74 ± 7 ms17) Finally, the IVRT and thus the active dia-
stolic control of the sarcomere could coordinate all CMs from a compart-
ment in a similar relaxation length to synchronize the subsequent passive
diastolic phase. Noticeably, the diastolic sarcomere length-crest height re-
lationship is further reinforced by the indirect correlation between the CM
surface crest height5 and diastolic function,23 which both concomitantly
maturate within the first three weeks postnatal in rodents. In the future, an-
imal models that specifically lack SSM and CM surface crests should help
validate this hypothesis. The CM surface crest structure in animal models
of diastolic dysfunction with a preserved ejection fraction and specific IVRT
lengthening would also be interesting to investigate.
4.3 Disruption of the lateral crest
architecture in cardiac pathologies
From a pathological standpoint, human data clearly highlight CM surface
crest defects in patients with dilated cardiomyopathies in the absence of
systolic dysfunction and their worsening with an altered ejection fraction.
Moreover, in an experimental mouse model of hypertrophy with no ma-
jor contractile function defects, we also identified a major loss of CM sur-
face crests.
Specifically, we noted here and previously in hearts from mice with
post-ischaemic myocardial dysfunction,5 considerable SSM shrinking,
SSM fusion and mitophagy events, which are all indicative of mitochon-
dria dysfunctions.24 Interestingly, mitochondria shrinking has long been
described as a metabolic adaptation of the mitochondria to its environ-
ment.25 Given the dramatic changes in cardiac metabolism that occur in
most cardiac diseases, SSM localized in the frontline at the CM surface
could thus be affected first. Consequently, SSM shrinking could be indica-
tive of pathological metabolic changes. Similarly, specific changes of car-
diac metabolism have been described in mice depending on the
anaesthesia–euthanasia procedure26 which could support the substantial
euthanasia-SSM sensitivity reported in this study.
Figure 4 Continued
(C) and STED (D) immunofluorescence imaging of Laminin-2 and Claudin-5 at the lateral surface of CMs in the cardiac tissue from mouse myocar-
dium and highlighting cell surface crests (wavy surface) and Claudin-5/Claudin-5 interactions in trans. (E) 3D-reconstitution of STED imaging show-
ing Claudin-5 interactions in the CM-CM lateral space and connecting the two lateral faces of neighbour CMs reflected by the Laminin-2 staining
(See also Supplementary material online, movie).
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Figure 5 CM surface crest defects in cardiac diseases. (A) TEM micrographs of human Ap from hearts with various cardiac defects. (Upper panels) Dilated
RAp with preserved ejection fraction (EF) (Patient 3) showing small surface crests with small SSM (yellow arrows) and autophagosomes (AP-blue arrows) in
the smallest SSM-free crests. (Left lower panels) Dilated left appendage (Lap) with left ventricular dilatation with normal EF (Patient 5) showing total loss of
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These results also confirm that the CM surface crest defects could be
a more general event that occurs in heart failure as previously
reported.5,7 It also suggests that the crest loss at the CM surface could
be an initial event participating to the later development of heart failure.
In line with this hypothesis, we previously demonstrated in isolated CMs
from failing mouse hearts (ischaemic hearts) that the early loss of surface
crests evolves over time to a substantial CM plasma membrane fragility
that could lead to its ultimate disruption.5 The loss of CM crests could
thus participate to the CM death through necrosis, a specific process
relying on the CM plasma membrane fragility but also a specific hallmark
of patients with end-stage heart-failure.27 Moreover, we also previously
showed that such crest loss precedes T-Tubule disorganization in an
ischaemic heart model, which is considered as a general hallmark of end-
stage heart failure from different origins.28 Thus, given that T-Tubule net-
work reflects intracellular invaginations of the CM lateral membrane, the
initial crest–crest contact disruption and crest loss could constitute an
initial common hallmark that evolves over time to the setting of heart
failure. Finally, whether crest loss could specifically underlie the initial
Figure 5 Continued
surface crests (red arrows) and absence of SSM or, in some cases, very small but giant elongated SSM (yellow arrows) and the loss of Z-line crest
anchorage. (Right lower panel) Dilated LAp with heart failure (Patient 4) showing flat CM lateral surface (red arrows) and absence or very small SSM
(yellow arrows). In all cases, the loss of lateral physical contacts between CMs is observed. (B) Experimental mouse model of barometric stress-in-
duced cardiac hypertrophy through transaortic constriction (TAC). (C) Echocardiography-based analysis of diastolic interventricular septal thick-
ness (IVST, d), diastolic left ventricular posterior wall thickness (LVPW, d), and EF measured 15 days after TAC. (D) (left panel) In situ quantification
of CM area (Sham n= 3 mice, TAC n= 6 mice; 100–150 CMs/group). (E) The partial or total crest loss were quantified in TEM micrographs and
data are expressed as percentage of the total CMs observed (Sham n= 4 mice; TAC n= 5 mice; 10 CMs/group). Statistical analysis was performed us-
ing Fisher’s exact test, ***P < 0.001. (Right panels) Illustrative TEM micrographs of LV showing the partial or total loss of surface crests in the TAC
model compared with sham mice. Some CM surface heaps related to the loss of the periodic lateral membrane anchorage to the Z-line and thus to
the assembly of SSM from different neighbour crests were also noted.
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Figure 6 Hypothetic model for a role of the CM surface crests in the control of the cardiac relaxation. From a physical standpoint, the CM surface crest
heights and their physical interaction with crests from neighbour CMs should dictate the control of the sarcomere relaxation length during diastole.
Indeed, small crest heights (low SSM number) (upper panels) at the CM surface should restrict sarcomere lengthening (Dd1-distance in diastole) to pre-
serve crest–crest interactions, whereas in contrast, higher crest heights (lower panels) should ensure longer sarcomere stretching (Dd2 > Dd1 > Ds-dis-
tance in systole).
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.ventricular diastolic dysfunction based on our molecular hypothesis
(Figure 6) and precede the systolic dysfunction will need future
investigations.
Supplementary material
Supplementary material is available at Cardiovascular Research online.
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